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Polygalacturonase-inhibiting proteins (PGIPs) are leucine-rich repeat (LRR) proteins involved in plant
defense. Three sugar beet (Beta vulgaris L.) PGIP genes, BvPGIP1, BvPGIP2 and BvPGIP3, were isolated from
breeding line F1016 and BvPGIP2 and BvPGIP3 from F1010. Full-length cDNA sequences of the three
BvPGIP genes encoded a 382 or 384 amino acid peptide. They shared closest similarity with ﬁve PGIP-like
sequences found in the sugar beet reference genome (RefBeet 1.2.1) as well as Bv(FC607)PGIP1 and
Bv(FC607)PGIP2 from sugar beet breeding line FC607. The predicted structure of BvPGIP1, 2 and 3 pep-
tides was that of Phaseolus vulgaris PvPGIP2 with the exception that the sugar beet peptides were about
40 amino acids longer and encoded an additional LRR repeat. RT-PCR and qPCR analyses demonstrated
BvPGIP gene expression in leaves, petioles, hypocotyls and highest expression in roots. Leaf and root
BvPGIP transcripts increased in response to insect feeding and mechanical wounding. An agarose radial
diffusion assay showed that BvPGIP protein extracts inhibited polygalacturonases (PGs) of Rhizoctonia
solani, Fusarium oxysporum f. sp. gladioli and F. oxysporum f. sp. betae with the exception that PGIP ex-
tracts from line F1010 did not inhibit R. solani PGs. These ﬁndings identify sugar beet PGIP genes that
encode LRR domains that are longer than reported for most other species. In addition, the wound up-
regulated BvPGIP gene expression and inhibition of fungal PGs by PGIP extracts suggest that like other
plant PGIPs, the sugar beet genes may play an active role in defense responses.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).1. Introduction
An important factor in plant defense mechanism is the coordi-
nated production of a large number of defense-related antimicro-
bial proteins that restrict pathogen infections. A family of defense
proteins, the polygalacturonase-inhibiting proteins (PGIPs), is
known to be associated with plant cell walls and to inhibit poly-
galacturonase enzymes (PGs) produced by pathogens and insect
pests [7,29]. Phytopathogenic fungi, bacteria, nematodes and in-
sects secrete PG enzymes to break down the polygalacturonate
chain in plant cell walls. The interaction between PGs and plant
PGIPs favors the accumulation of oligogalacturonides which elicit a
wide range of plant defense responses [21,39].e Agreement No. 58-1245-4-
the Beet Sugar Development
migocki).
access article under the CC BY liceLike the products of many resistance genes, PGIPs belong to the
subclass of proteins containing leucine-rich repeats (LRRs) of the
extracytoplasmic type (LxxLxLxxNxLT/SGxIPxxLxxLxx) [27]. PGIPs
typically contain ten imperfect LRRs of 24 residues each [7]. Pres-
ence of LRRs leads to formation of ﬂexible structures suitable for
speciﬁc protein-protein interactions. Although the consensus se-
quences display high similarity, the number of repeats varies
signiﬁcantly in different species [25,29,44]. The amino acids of PGIP
that determine speciﬁcity and afﬁnity for PGs occur at positions
internal to the conserved xxLxLxx motif, which is predicted to form
a b-sheet/b-turn structure. A single amino acid variation in the b-
strand/b-turn motif can confer a new PG recognition capacity [30].
Genes encoding PGIPs have been characterized in a number of
plants that include both monocots and dicots. No plant species or
mutants lacking PGIP activity have been reported. More than 170
complete or partial PGIP gene sequences have been deposited in
nucleic acid databases (http://www.ncbi.nlm.nih.gov/). Most of
these genes are identiﬁed as PGIP genes on the basis of nucleotide
sequence identity but only a few of them were shown to encodense (http://creativecommons.org/licenses/by/4.0/).
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[29]. A limited number of PGIPs were reported to have activity
against insect PGs [14,16].
PGIPs are organized as single genes, as in diploid wheat species
[10], or as gene families, ranging from two genes in Arabidopsis
thaliana [19] to 16 in Brassica napus [23]. PGIP gene expression is
developmentally regulated, with family members showing consti-
tutive and/or tissue-speciﬁc expression. In addition, most PGIP
genes are shown to be up-regulated following stress stimuli [29].
For example, in Arabidopsis, both AtPGIP1 and AtPGIP2 are up-
regulated in response to Botrytis cinerea infection [19]. The four
PvPGIPs of common bean Phaseolus vulgaris, one of the best studied
plant PGIP families, have varied speciﬁcities against fungal and
insect PGs, with PvPGIP2 encoding the most effective and wide
spectrum inhibitor so far characterized [8,16,41]. The four GmPGIPs
of soybean (Glycine max) are differentially regulated after me-
chanical wounding or infection by Sclerotinia sclerotiorum [17,28].
Since the pioneering work of Albersheim and Anderson [1], the
importance of PGIP in plant defense and the structural basis of the
PG-PGIP interaction have made PGIP one of the most studied in-
hibitors. No sugar beet (Beta vulgaris L.) PGIP genes have been
characterized, except for a report that identiﬁed a PGIP gene that
was modulated by sugar beet root maggot (SBRM) feeding on
F1016, a sugar beet breeding linewithmoderate resistance to SBRM
[35]. Our objective is to characterize sugar beet PGIP genes to gain a
better understanding of their structural properties and function.
We report on cloning and expression patterns of three PGIP genes
from line F1016 and an SBRM-susceptible line, F1010. Included is
the characterization of two FC607 PGIP genes from our previous
report [31]. Gene regulation by insect and mechanical wounding is
determined. In addition, inhibitory activity of sugar beet PGIP
proteins against several different fungal PGs is evaluated.
2. Materials and methods
2.1. Plants, fungi and insects
Sugar beet breeding lines F1010, F1016 and FC607 [4e6] were
utilized in this study. Seeds were germinated at room temperature
in Pro-Mix (Professional Horticulture) soil. Seedlings were grown in
the growth chamber at 24 C with a 16 h photoperiod. After 4
weeks, plants were transferred to the green house and maintained
at 20e30 C during the day and 18e20 C at night with a 14e16 h
photoperiod.
Fungal strains Fusarium oxysporum f. sp. betae (Fob) isolates F19
and Fob220a were provided by Dr. L. Hanson (Michigan State Uni-
versity, East Lansing, MI, USA) and maintained on half-strength V8
agar [42]. F. oxysporum f. sp. gladioli (Fog) was provided by Dr. D.
Lakshman (USDA-ARS, Beltsville, MD, USA) and maintained on
potato dextrose agar (PDA) media (BD Difco™, USA). Fungi were
grown at room temperature for 7e10 days before collecting spores
to isolate fungal PGs.
Fall armyworms (Spodoptera frugiperda J.E. Smith) were ob-
tained from Benzon Research (Carlisle, PA) and reared on an arti-
ﬁcial diet as previously described [38].
2.2. PGIP gene cloning and sequence analysis
Full-length coding sequence of the sugar beet PGIP gene was
obtained from the cloned EST sequence (GenBank DV501910) by
rapid ampliﬁcation of cDNA ends polymerase chain reaction (RACE
PCR) (BD Biosciences, San Jose, CA) with 50 and 30 RACE speciﬁc
primers (Table 1). PCR ampliﬁed fragments were cloned into pCR2.1
TOPO vector (Invitrogen, Carlsbad, CA), sequenced (University of
Maryland, MD, USA) and BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searched using default parameters. Based on the cDNA
sequence, gene speciﬁc primers (GSPF/R, Table 1) were designed
and the PGIP genomic DNA sequence was ampliﬁed by PCR under
the following conditions: 1 cycle of 94 C for 2 min, and 30 cycles of
94 C for 30 s, 60 C for 40 s, 72 C for 1.5 min, followed by 1 cycle of
72 C for 7 min.
Amino acid sequences and opening reading frames were
determined by ExPASy translation tool (http://web.expasy.org/
translate/). Signal peptides were predicted by the SignalP 4.1
server [33]. PGIP sequences were aligned by ClustalW through
MEGA6.06 program (www.megasoftware.net). The LRR domains
were predicted by comparing the BvPGIPs with the P. vulgaris
PvPGIP2 for which secondary crystallographic structure has been
determined [11]. Phylogenetic tree was constructed with the
neighbor-joining method [45].
2.3. Southern blot
Genomic DNA isolation was carried out as previously described
[22]. DNA concentration and purity were determined using an ND-
8000 spectrophotometer (NanoDrop Technologies Inc., DE, USA).
Approximately 15 mg of genomic DNA was digested with the
following restriction enzymes: XhoI/BglII, XbaI/BamHI, BstEII, or
XhoI/AvrII (New England Biolabs) with no known recognition sites
within the PGIP gene sequences. The full-length cDNA sequence
was used as probe to detect each PGIP gene. Probe labeling, mem-
brane hybridization and probe detection were carried out as pre-
viously described [43].
2.4. Insect and mechanical wounding
Leaves or roots of 3e4 month old plants were wounded by fall
armyworm feeding or mechanically as previously described [38].
Brieﬂy, a single two-week old larva was used to infest and wound a
leaf or root in a Petri dish. Mechanical wounding was performed by
making 1 cm incisions on each side of the leaf, or making 5 mm
incisions 2e3 mm deep along the entire root length. Samples were
collected at zero time (non-wounded) and at 6, 24, 48 and 72 h after
wounding. For each time point, leaves or roots from three indi-
vidual plants were pooled for RNA extraction. Total RNA was iso-
lated with Trizol Reagent (Invitrogen, Carlsbad, CA) and puriﬁed
with RNeasy Spin Columns (Qiagen, MD). Genomic DNA was
removed with RNase-Free DNase I (Qiagen).
2.5. RT-PCR
RT-PCR analyses were carried out to determine PGIP gene
expression in leaves, petioles, hypocotyls and roots of 2-month old
plants as previously described [31]. PGIP gene speciﬁc primers
(PGIP1F through FC607PGIP2R, Table 1) were used to amplify about
1-Kb PGIP coding region. RT-PCR results were normalized to tran-
scripts of the constitutively expressed actin gene (actin F/R, Table 1).
Gene expression was quantiﬁed by densitometry with an
AlphaImager HP (Alpha Innotech, San Leandro, CA). RT-PCR ana-
lyses were repeated three times.
2.6. Quantitative real-time PCR (qPCR)
First-strand cDNA was synthesized with AfﬁnityScript Multiple
Temperature cDNA Synthesis Kit (Stratagene, Santa Clara, CA). PGIP
gene expression was analyzed by qPCR with gene-speciﬁc primers
(PGIPq1F through FC607PGIPq2R, Table 1) using Brilliant III Ultra-
Fast SYBR Green QPCR Master Mix on the Mx3000P Real-Time
System (Stratagene). Relative quantitation of the target gene tran-
scripts was carried out using the DDCt method [40]. Gene
Table 1
Primers used in this study.
Primer Sequence (50-30) Purpose
50RACE GGCCCAACGATGTTGGGACCGGCCCAC cDNA cloning
30RACE GTCGGGCCAAATCCCAACATCTTTGGGCCT cDNA cloning
GSPF GAGTACATGGGGCAACATACTTGCACT Genomic DNA cloning
GSPR CTTGCAACCCGGAAAAGGGCCA Genomic DNA cloning
PGIP1F ATGAAAATGACTCACAACAACG RT-PCR
PGIP1R AACAGAATTCGGGTTCAATAG RT-PCR
PGIP2F ATGAAAATGACTCACAACAACG RT-PCR
PGIP2R AACAGAATCCGGGCTCAATAG RT-PCR
PGIP3F ATGACTCACAACCACGTGATAG RT-PCR
PGIP3R AATATCATCGGGCCGTAACAG RT-PCR
FC607PGIP1F ATGACTCATAACAATGTGATAG RT-PCR
FC607PGIP1R AACAGAATCCGGGCTCAATAG RT-PCR
FC607PGIP2F ATGACTCACAACCACGTGATAG RT-PCR
FC607PGIP2R AATATCATCGGGCCGTAACAG RT-PCR
ActinF GTATTGTGAGCAACTGGGATGA RT-PCR
ActinR AACATGATCTGGGTCATCTTCT RT-PCR
PGIPq1F AAATCCAACAACAACATCCTC qPCR
PGIPq1R AACAGAATTCGGGTTCAATAG qPCR
PGIPq2F AAAACCAACAACAATATCCTC qPCR
PGIPq2R AACAGAATCCGGGCTCAATAG qPCR
PGIPq3F AAGACAAACACCAATATTCTT qPCR
PGIPq3R AATATCATCGGGCCGTAACAG qPCR
FC607PGIPq1F AAATCCAACAACAATATCCTC qPCR
FC607PGIPq1R AACAGAATCCGGGCTCAATAG qPCR
FC607PGIPq2F CTTAGTGTGCGAGTTGAGTAC qPCR
FC607PGIPq2R AATATCATCGGGCCGTAACAG qPCR
ActinqF TCAATGTGCCTGCTATGTATGT qPCR
ActinqR GTGACTAACACCATCACCAGAG qPCR
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expression. Gene expression at zero hour (non-wounded) was used
as the wound control. The actin gene (actinqF/R, Table 1) was used
as an internal reference. Experiments were repeated three times in
triplicate. The signiﬁcance of gene expression was analyzed statis-
tically with Student's t-test implemented in Microsoft Excel.2.7. PGIP activity assays
Plant extracts enriched for PGIP proteins were prepared from
sugar beet roots as previously described [16] with the following
modiﬁcations. Approximately 5 g of tissue was homogenized in
liquid nitrogen and resuspended in 50 ml of 20 mM Na-acetate
buffer containing 1 M NaCl (pH 4.7). Homogenates were incu-
bated with gentle shaking for 1 h at 4 C and centrifuged for
10 min at 9000g. Supernatants were transferred to Amicon Ultra 15
(100 K) ﬁltration units (Millipore, USA) and centrifuged using a
ﬁxed-angle rotor at 5000g at 4 C. Efﬂuent was transferred to
Amicon 10 K ﬁlters, and concentrated to approximately 1 ml. Pro-
tein extracts were desalted twice in 20 mM Na-acetate with Ami-
con 10 K ﬁlters until the retentate volume was less than 200 ml.
Protein concentration was determined according to the Bradford
method [3].
PG proteins of Aspergillus niger and Rhizoctonia solani were
purchased (Sigma, St. Louis, MO). PGs from the Fog and Fob strains
were prepared as follow. About 1 ml of spores harvested with
sterile water (1  105 spores/ml) were inoculated into a ﬂask with
200 ml of Czapek (for Fog) or half strength V8 (for Fob), supple-
mented with 1% pectin [2]. After a 3-day culture in a rotary shaker
at 150 rpm and 24 C, mycelia were removed by centrifugation at
9000g for 10 min. The supernatant was puriﬁed and concentrated
using Amicon ﬁltration units as described above.
Inhibition of fungal PGs by sugar beet PGIP extracts was evalu-
ated using an agarose diffusion assay as described by Taylor and
Secor [46], with the following modiﬁcations. The assay plate
(150  15 mm) contained 0.8% agarose and 0.5% polygalacturonicacid sodium in 100 ml of 0.1 M Na-acetate (pH 4.7), resulting in an
overall thickness of about 5 mm. A 50 ml reaction mixture con-
taining fungal PG with or without plant PGIP was transferred to a
well (5 mm in diameter, 4 mm deep) in the agarose assay plate and
incubated at 30 C overnight. Different PGs mixed with boiled
(100 C, 5 min) F1016 PGIP extract were included as controls. The
agarose gel was stained with ruthenium red (0.05% w/v in water)
for 30 min at room temperature and then rinsed thoroughly with
water. PG activity was developed as agarose diffusion units, with 1
agarose diffusion unit deﬁned as the amount of PG producing a halo
of 5-mm radius after overnight incubation at 30 C. PGIP inhibitory
activity was determined by the percentage reduction of the size of
the halo when 10 mg of PGIP crude protein extract was added to 1
agarose diffusion unit of PG. A smaller halo corresponds to higher
PGIP activity. The size of the halo was measured from the border of
the well. The signiﬁcance of halo reduction was analyzed statisti-
cally with Student's t-test. Each assay was conducted in triplicate
and repeated 3 times.3. Results
3.1. Cloning and sequence analysis of BvPGIPs
Two sugar beet breeding lines, F1016 and F1010 were used to
clone PGIP genes using RACE-PCR. Three PGIP genes, BvPGIP1,
BvPGIP2 and BvPGIP3, were isolated from F1016, and BvPGIP2 and
BvPGIP3 were isolated from F1010. Comparison of the nucleotide
and deduced amino acid sequences using BLASTN/P revealed that
the three BvPGIP genes shared a high degree of similarity with other
known PGIP genes. The full-length cDNA sequences of BvPGIP1 and
BvPGIP2 were 1152 bp long and encoded 384 amino acids, with a
calculated molecular weight of 48.9 kDa and an isoelectric point
(pI) of 9.32 (Figs. S1 and S2). The full-length BvPGIP3 cDNA was
1146 bp long and encoded 382 amino acids with a calculated mo-
lecular weight of 49.0 kDa and a pI of 9.72 (Figs. S1 and S2). Based
on the cDNA sequences, more speciﬁc primers (GSPF/R; Table 1)
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quences of the three PGIPs were conﬁrmed by PCR. BvPGIP1
sequence was not detected in F1010 by sequencing over 50 PCR-
derived genomic DNA clones (data not shown), indicating its
absence in F1010. Comparison of cDNA and PCR derived genomic
DNA sequences indicated a lack of introns. Sequence alignment
using ClustalW revealed that BvPGIP1 and BvPGIP2 shared 98.8%
similarity (Fig. S1) and differed in 12 nucleotides, resulting in 8
missense and 4 synonymous substitutions between the two pro-
teins (Fig. 1). All 8 amino acids derived frommissense substitutions
were located in the LRR domain, including 4 internal to the xxLxLxx
motif predicted to form a b-sheet/b-turn structure of the protein
(Fig. 1). BvPGIP3 showed approximately 81.0% nucleotide and 74.2%
amino acid sequence similarities to BvPGIP1 and BvPGIP2 (Figs. S1
and S2).
Sugar beet BvPGIPs exhibited the representative and widely
accepted PGIP structure of P. vulgaris PvPGIP2 [11]. They were
comprised of a signal peptide and LRR repeats of 23e25 amino
acids each except for the last repeat that had 19 amino acids (Fig. 1).
However, sequence alignment showed that they were 40e42
amino acids longer than PvPGIP2. The extra amino acids were
located at the N-terminus and LRR domain regions of BvPGIPs. The
additional amino acids at the LRR region comprised the seventh
LRR domain of BvPGIPs, which brought the total LRR number to 11.
Four potential N-glycosylation sites were found in BvPGIPs, and the
third NxS/T site distinguished BvPGIP3 from BvPGIP1 and BvPGIP2.
Six cysteine residues, three each at the N- and C-terminal regions,
were found.
Sequence alignment with other plant PGIPs revealed that
BvPGIPs were mostly related to PGIPs from the same species
(Figs. 2A, B and S2). BvPGIP1 and BvPGIP2 were 97% identical to
Bv(FC607)PGIP1, 74% to Bv(FC607)PGIP2, 96e98% to a PGIP from
the sugar beet reference genome (RefBeet 1.2.1, XP_010675711),
and 44e76% to the other four RefBeet PGIPs (XP_010676004,
XP_010675712, XP_010676003, and XP_010672718) [13,31].
BvPGIP3 was 74% identical to Bv(FC607)PGIP1, 98% to Bv(FC607)
PGIP2, 79e80% to the Refbeet PGIP, XP_010676004, and less than
75% similar to the other four RefBeet PGIPs. After sugar beet, the
closest PGIP sequence similarity was with the legume Medicago
truncatula (MtPGIP2, XP_003621816), followed by kiwifruit, Acti-
nidia deliciosa (AdPGIP, CAA88846), and Nicotiana tabacum (NtPGIP,
AIA22327).
3.2. Genomic organization of BvPGIPs
Genomic organization of the three BvPGIP genes isolated in this
study and two additional genes (Bv(FC607)PGIP1 and Bv(FC607)
PGIP2) previously cloned from FC607 [31] was examined by
Southern blot analysis using the full-length cDNA sequence as
probe for each gene (Fig. 3). In F1016, 1e2 DNA fragments were
observed with either the BvPGIP1 or BvPGIP3 probe. No identical
DNA bands were detected for BvPGIP1 and BvPGIP3, indicating
BvPGIP1 and BvPGIP3 did not cross-hybridize, an observation
commonly reported within a multigene family [44]. This ﬁnding
suggested that BvPGIP1 and BvPGIP3 were not located in the same
chromosomal region. However, BvPGIP2 had an identical hybridi-
zation pattern as BvPGIP1 (data not shown), suggesting that
BvPGIP1 and BvPGIP2 were either organized very closely on the
same chromosome where small size differences would not be
distinguished on Southern blots, or more likely explanation was
that cross-hybridization occurred due to their high sequence ho-
mology. If the latter possibility was true, the hybridization signals
obtainedwith the BvPGIP1 probewould represent either BvPGIP1 or
BvPGIP2, or both in F1016. In F1010, 1e2 DNA fragments were also
observed with either the BvPGIP2 or BvPGIP3 probe. Interestingly,the banding patterns obtained by BvPGIP2 in F1010 were identical
to those of BvPGIP1 (or BvPGIP2) in F1016 for all restriction enzymes
with the exception of XhoI/AvrII, suggesting a high sequence con-
servation of the regions surrounding BvPGIP2 in these two ge-
nomes. This was not the case with the BvPGIP3 gene. Analysis of the
Bv(FC607)PGIP1 or Bv(FC607)PGIP2 copy number revealed one to
two distinct bands. Taken together, all Southern blot results indi-
cate that there are 1e2 copies of each of the cloned BvPGIP genes,
suggesting a family with at least two homologous PGIP genes.
The chromosomal localizations of these geneswere predicted by
comparing their sequences with the PGIP or PGIP-like genes of the
RefBeet genome (Fig. S3). Based on their sequence similarity, the
ﬁve BvPGIP genes were divided into two groups, one of them being
BvPGIP1/BvPGIP2/Bv(FC607)PGIP1 and the other BvPGIP3/Bv(FC607)
PGIP2. As indicated above, the three genes in the ﬁrst group were
about 97% identical and they showed the highest similarity
(96e98%) to one of the RefBeet PGIPs, XP_010675711 (gene ID:
LOC104891681). The two genes in the second group were 98%
identical and they showed the highest similarity (79e80%) to
RefBeet PGIP, XP_010676004 (gene ID: LOC104891914) (Figs. 2A, B
and S3). The two RefBeet PGIP sequences with the highest similarity
are clustered together on chromosome 4, are oriented in the same
direction, span about 19 Kb and do not comprise additional PGIP-
related sequences. These sequence similarities suggest that the ﬁve
BvPGIPs are clustered in the same chromosomal region in each of
the three genomes from which they were respectively cloned. At
least twelve other PGIP-like sequences are located on chromosome
3 or 4 in RefBeet that are clustered at several loci, each locus con-
taining 3e5 PGIP-like sequences spanning a 40e50 Kb region. This
suggests that there may be more than two PGIP genes in F1016,
F1010 and FC607 and that they reside in a large region on different
chromosomes.3.3. Expression of BvPGIPs in sugar beet tissues
The expression patterns of the BvPGIP genes were examined by
RT-PCR in different plant tissues during normal growth (Fig. 4A).
The speciﬁcity of the primers was assessed by direct nucleotide
sequencing of the amplicon to conﬁrm that each oligonucleotide
pair ampliﬁed the correct PGIP gene (data not shown). RT-PCR
demonstrated varying levels of expression of the BvPGIP genes in
leaves, petioles, hypocotyls and roots, with maximum expression
being detected in roots. Unlike Bv(FC607)PGIP1 and Bv(FC607)PGIP2
that were detected in all analyzed FC607 tissues [31], expression of
some BvPGIP genes was not detected in F1010 and F1016 tissues,
except in the roots. Low levels of BvPGIP1 transcripts were detected
in the roots of F1010 and F1016, and the DNA fragment ampliﬁed in
F1010 was conﬁrmed to be BvPGIP2 by sequence analysis (data not
shown). BvPGIP2 was expressed in all tissues of F1010 and F1016
and the overall transcript levels were higher as compared to
BvPGIP1. BvPGIP3was detected in all tissues except in F1016 petioles
and hypocotyls, with highest expression in roots. Overall, BvPGIP3
transcript levels in all tissues were higher than BvPGIP1 but lower
than BvPGIP2. These results were further conﬁrmed by qPCR anal-
ysis where leaf expressionwas used as a control to calculate relative
gene expression in other tissues (Fig. 4B). In agreement with RT-
PCR data, qPCR analysis further demonstrated a signiﬁcant
expression of the BvPGIP genes in roots (P < 0.05). Roots transcript
levels compared to leaves were 3.8e5.4 fold higher in F1010 and
F1016 and 1.7e2.9 fold higher in FC607. There was no signiﬁcant
difference of gene expression in petioles and hypocotyls as
compared to leaves in F1016 and FC607. A 3.0-fold increase of
BvPGIP3 in petioles and a 3.2-fold increase of BvPGIP2 in hypocotyls
of F1010 were observed.
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Insect and mechanical wounding of leaves and roots signiﬁ-
cantly enhanced the transcript levels of the ﬁve BvPGIP genes in all
three sugar beet lines over a 72 h period (Fig. 5). qPCR analysis
revealed the overall level of up-regulation was signiﬁcantly higher
in leaves than in roots. Wounding by fall armyworms induced
higher levels of transcripts than mechanical wounding. With some
exceptions, levels of up-regulation of BvPGIP1 and BvPGIP3 in F1016
were slightly higher in roots than leaves after mechanical wound-
ing. For FAW-wounded roots, highest levels of BvPGIP transcripts
were observed during the ﬁrst 48 h after wounding with more than
a 5-fold increase in F1016 and F1010 and a 2-fold increase in FC607.
However, transcript levels in leaves increased gradually during the
wounding period and by 72 h were nearly 20-fold higher than the
basal level of non-wounded F1016 or F1010 leaves. With the
exception of Bv(FC607)PGIP2 in FC607 leaves, highest levels of
BvPGIP transcripts were recorded at 6e24 h after mechanical
wounding in both leaves and roots of the three sugar beet lines. The
most signiﬁcant up-regulationwas that of BvPGIP2 transcripts at 6 h
after mechanical wounding, reaching about a 7- and 11-fold in-
crease in F1016 and F1010 leaves, respectively.
3.5. PGIP inhibition of fungal PGs
Crude BvPGIP inhibitory activities of breeding line F1010, F1016
and FC607 were measured against ﬁve fungal PGs (Fig. 6A and B).
PGIP protein extracts prepared from all three sugar beet lines
exhibited comparable levels of inhibition against four of the ﬁve
fungal PGs tested. All failed to inhibit A. niger PGs (AnPG). Signiﬁ-
cant inhibition (P < 0.05) of PGs of R. solani (RsPG), F. oxysporum f.
sp. gladioli (FogPG), F. oxysporum f. sp. betae F19 (F19PG) and
Fob220a (Fob220aPG) were observed, exception being the F1010
PGIP extract that showed no inhibition of RsPG. F1010 and FC607
PGIP extracts had the highest activity on FogPG, corresponding to
89% and 53%, respectively, reduction of the halo associated with the
PG activity. Controls with boiled F1016 PGIP extract had no inhi-
bition on all PGs tested.
4. Discussion
PGIP genes have been characterized from several different plant
species; however, this is a ﬁrst report of the characterization of PGIP
genes cloned from B. vulgaris. In general, the sugar beet PGIPs share
typical features of all reported PGIPs. However, one of the most
interesting differences between sugar beet PGIPs and other PGIPs is
the additional LRR domain predicted from their sequences, this is in
addition to the usual 10 LRR repeats found in other PGIPs. Similar
feature is conserved, with some sequence variations, in ﬁve PGIP-
like sequences identiﬁed in the sugar beet reference genome
(RefBeet 1.2.1) [13] and one PGIP in the Medicago genome
(XP_003621816). The remaining PGIP-like genes in the RefBeet
genome do not encode for the extra LRR domain; ﬁve have the
typical length of PGIPs (334e349 amino acids) and four are much
shorter (242e244 amino acids) (Fig. S3). A lower LRR number has
been reported in other plant species, for example, 9 LRR repeats inFig. 1. Deduced amino acid sequences of B. vulgaris PGIPs. Regions A-D were predicted
according to sequence alignment with the bean PvPGIP2 [11]. Based on the sequence
comparison between BvPGIP1 and BvPGIP2 (Fig. S1), the eight amino acids corre-
sponding to missense substitutions are indicated in bold. Compared to PvPGIP2, the
extra LRR domain of BvPGIPs occurs in region VII. Dots indicate identical amino acids.
Dashes indicate missing amino acids. The potential glycosylation sites (NxS/T) are
underlined. The LRR motif (xxLxLxx) is boxed. The cysteine residues at the N-terminal
and C-terminal regions are underlined and in italics.
Fig. 2. Relationship of BvPGIPs with other closely related PGIPs. (A) Sequence alignment of BvPGIPs with other PGIPs. (B) Phylogenetic analysis of BvPGIPs with other PGIPs. The
sequence alignment was done by ClustalW through MEGA6.06 program (www.megasoftware.net). Black and grey boxes indicate highly conserved and partially conserved amino
acid, respectively. The phylogenetic tree was constructed by neighbor-joining tree method using MEGA6.06. Abbreviations are: Bv (Beta vulgaris), Mt (Medicago truncatula), Pv
(Phaseolus vulgaris), Ad (Actinidia deliciosa), Gm (Glycine max), Nt (Nicotiana tabacum). The scale bar represents the branch length.
Fig. 3. Southern blot analysis of BvPGIP genes. Genomic DNA (15 mg) was digested with various digestion enzymes of XhoI/BglII (lane1), XbaI/BamHI (lane2), BstEII (lane3), or XhoI/
AvrII (lane4) and probed with the full-length cDNA fragment of each gene. Molecular size standards are shown at left.
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Fig. 4. Expression of BvPGIPs in sugar beet tissues. (A) RT-PCR was performed with total RNA using gene-speciﬁc primers that amplify about 1.0 Kb coding region to indicate
differential gene expression levels from leaves (L), petioles (P), hypocotyls (H) and roots (R) of 2-month old plants. (B) qPCR analysis was performed using the same RNA of each line
to conﬁrm the RT-PCR data. Gene expression in leaves was used as a control to which a value of 1.00 was assigned. All gene expression levels in other tissues were compared with
that of the control samples. The actin genes were used as an internal reference for both RT-PCR (actinF/R) and qPCR (actinqF/R) analyses (Table 1). Bars represent standard deviation
(SD). The data are the mean ± SD (n ¼ 3).
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molecular mechanism responsible for this variation in LRR repeats
is not known, but all these cases can be explained by gene dupli-
cation. Gene duplication is one of the evolutionary mechanisms
underlying how a new gene arises from an old progenitor. Such
duplications create a gene family that commonly acquires novel
speciﬁcities against newly generated races of pathogens, particu-
larly common in plant disease resistance loci [24]. The proposed
duplicated nature and subsequent diversiﬁcation, by substitutions
or short insertions/deletions, could cause unequal crossing-over or
slippage during replication [25]. The discovery of 11 LRRs in sugar
beet PGIPs analyzed in this study, combinedwith similar ﬁndings in
the RefBeet reference genome, demonstrate that additions in the
number of LRRs can generate variability in the speciﬁcity of PGIP
genes during duplication and diversiﬁcation events.Although BvPGIP1 was not found in F1010 in this study, its
presence in F1010 could not be ruled out solely on the basis of the
Southern blot results. The fact that BvPGIP2 and BvPGIP3 genes were
found in both F1010 and F1016, and BvPGIP2was arranged similarly
in both genomes suggested a high degree of synteny between F1010
and F1016 genomes (Fig. 3). Since BvPGIP1 was found in F1016, a
similar arrangement might occur in F1010. However, the following
results from this study did not support this hypothesis. First,
BvPGIP1 was not detected in F1010 by sequencing over 50 PCR-
derived genomic DNA clones (data not shown). Second, a very
faint band detected for BvPGIP1 expression in the roots of F1010
turned out to be BvPGIP2 by sequencing, probably produced by
non-speciﬁc ampliﬁcation due to the fact that BvPGIP1 and BvPGIP2
nucleotide sequences were 98.8% identical. Taken together, these
data indicate that either BvPGIP1 is not present in F1010, or its
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Fig. 5. qPCR analysis of leaf and root BvPGIP transcripts in response to fall armyworm (FAW) feeding and mechanical wounding (MW). Relative gene expression was relative to the
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gene was also not detected in wounded tissues when ten RT-PCR
fragments obtained using BvPGIP1 primers were all conﬁrmed to
be BvPGIP2 by DNA sequence analysis (data not shown).
On the base of sequence similarity, we predicted that the ﬁve
BvPGIP genes were clustered together on the same chromosomal
regions in each of the three sugar beet genomes. A clustered or-
ganization of PGIP genes has been reported in other plants. Arabi-
dopsis AtPGIP1 and AtPGIP2 are tandemly located 507 bp apart on
chromosome 5 [19]. The four PGIP genes in bean are distributed
over a 50 Kb region [16]. GmPGIP1 and GmPGIP2 in soybean are
about 3 Kb apart [17]. This genomic organization may serve to co-
ordinate PGIP gene expression. Despite the possible cluster orga-
nization of the ﬁve BvPGIP genes, additional PGIP genes would be
expected at different chromosomal locations given the fact that at
least 14 PGIP-like sequences were found in the RefBeet genome
(Fig. S3). Since the RefBeet genome is a doubled haploid line
KWS2320, this large number of PGIP-like sequences can be due to a
genomic rearrangement as a result of the haploidization. A similar
case has been found in a doubled haploid B. napus line DH12075
that has at least 16 PGIP genes [23]. However, Southern blot data
revealed that the large number of the B. napus PGIP genes is not due
to genomic rearrangements but likely driven by strong selective
pressure to evolve new PGIP variants to combat the diverse array of
PGs produced by pathogens [32]. As in B. napus [32], the prospect of
a large sugar beet PGIP family in our lines was not supported by the
Southern blot data that showed a small number of bands (Fig. 3).
This could be due to conserved restriction enzyme sites that pro-
duce similar sized bands [23], or presence of other PGIP copies thatwere less homologous to the probe. For example, even though
BvPGIP1 and BvPGIP3 share 70% identity, no identical signals were
detected on Southern blots (Fig. 3). It will be interesting to see
whether this holds true for a big sugar beet PGIP family once more
sugar beet genomes are available andmore PGIPs are characterized.
The proposed duplicated nature suggests that the clusters of
duplicated PGIP copies should provide a reservoir of genetic vari-
ation from which novel PGIP genes can evolve. Variation between
PGIPs of different species or copies within a gene family is mainly
due to substitutions or short deletions within the LRR domain and
in particular in the solvent exposed xxLxLxx region, where the b-
strand/b-turn along the concave surface formed in the LRR domain,
are considered hot spots for PG interaction [12,16,17,23]. In this
study, BvPGIP1 differed from BvPGIP2 in eight amino acids, and
four of them were within the xxLxLxx motif (Fig. 1). Sequence
divergence between BvPGIP1 (or BvPGIP2) and BvPGIP3 was
dispersed along the entire sequence but was more pronounced
within the xxLxLxx region, as was the case between Bv(FC607)
PGIP1 and Bv(FC607)PGIP2 [31]. This divergence was demonstrated
by comparing the region C-out (the LRR region excluding the
xxLxLxxmotifs) [16] among BvPGIPs. For BvPGIP1 (or BvPGIP2) and
BvPGIP3, sequence similarity between their xxLxLxx regions (50%)
was much lower than the C-out regions (80%). Comparison be-
tween Bv(FC607)PGIP1 and Bv(FC607)PGIP2 showed 83% sequence
identity between their C-out regions in contrast with the 50%
identity between their xxLxLxx regions [31]. Functional analysis
has demonstrated that a single substitution or a short deletion
within this region can cause changes in PG-PGIP speciﬁcity
[16,30,36]. Indeed, P. vulgaris PvPGIP1 and PvPGIP2 are
a b
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F1016PGIPs  (a1-e1) 3.0 ± 0.05* 50.8 ± 0.16 51.7 ± 0.11 47.6 ± 0.20 52.7 ± 0.16 
F1010PGIPs  (a2-e2) 0* 0* 88.7 ± 0.21 47.5 ± 0.05 32.3 ± 0.20 
FC607PGIPs (a3-e3) 0* 46.8 ± 0.37 52.5 ± 0.11 27.8 ± 0.03 25.7 ± 0.19 
Boiled F1016 PGIPs (a4-e4) 2.89 ± 0.25* 1.78 ± 0.23* 0.89 ± 0.93* 1.38 ± 0.59* 0.27 ± 0.33*
B
Fig. 6. Inhibitory activity of BvPGIPs. (A) Agarose diffusion assay showing PGIP inhibitory activities against different fungal PGs. a-e. PGs from A. niger (AnPG), R. solani (RsPG),
F. oxysporum f. sp. gladioli (FogPG), and F. oxysporum f. sp. betae (Fob) isolate F19 (F19PG) and Fob220a (Fob220aPG), respectively; a1-e1. F1016 PGIP inhibition of PGs a-e,
respectively; a2-e2. F1010 PGIP inhibition of PGs a-e, respectively; a3-e3. FC607 PGIP inhibition of PGs a-e, respectively; a4-e4. Boiled F1016 PGIP extract inhibition of PGs a-e,
respectively. (B) Percentage reduction of the size of the halo by adding 10 mg of PGIP crude protein extract to 1 unit of PG. 1 PG unit ¼ the amount of PG producing a halo of 5 mm
radius after overnight incubation at 30 C. The values are given in mean ± SD. * indicates the reduction is not signiﬁcant.
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are conﬁned within the xxLxLxx motif. This xxLxLxx motif vari-
ability makes the PvPGIP1 speciﬁc for A. niger PG but not the
Fusarium moniliforme PG, unlike PvPGIP2 that inhibits both PGs
[30]. The possibility that PG-PGIP speciﬁcity can be controlled by
one or a few amino acids is particularly supported by the ﬁndings
that variation at amino acid 224 of PvPGIP2 can abolish its inhib-
iting properties against the Fusarium phyllophilum FC-10 strain PG
[15,30]. Similarly, variation at amino acid 97 of the Fusarium verti-
cillioides PG masked its recognition by a PGIP [36].
First evidence that the BvPGIP genes are functionally diversiﬁed
was demonstrated by their differential regulation during normal
plant growth and development. Tissue speciﬁc expression of
different members of a PGIP family has been reported in other
plants. In bean, PvPGIP1 was only expressed following a wound
stress, whereas the other three PvPGIPs were expressed in 5-day-
old seedlings [16]. In B. napus, BnPGIP1 and BnPGIP2were expressed
at similar levels in roots, open ﬂowers and stems, but BnPGIP1 was
more strongly expressed in ﬂower buds [32]. Some PGIP expression
is associated with various organs. High expression of PGIP has been
reported in roots [25,37], fruits [34,48], and leaves [18]. Our BvPGIP
genes were highly expressed in roots during normal growth and
development. Due to the already high root expression, leaves that
show lower levels of BvPGIP expression were selected for studying
differential expression under stress conditions.
Like other defense-related gene families, PGIP genes show
variation in expression patterns in response to a wide range of
abiotic and biotic stresses, however, in most cases, PGIP genes are
up-regulated by stress stimuli [29]. Wounding induced PGIP
expression has been reported in many plants, such as wheat [26],
pepper [47], rapeseed [23], soybean [17], rape [32], and bean [9],
but mainly by mechanical wounding. Although mechanical
wounding is commonly used to investigate the induction pattern ofresistance genes, herbivore induced changes in gene expression
may be distinct from those induced by mechanical wounding [38].
Differential expression induced by mechanical and insect wound-
ing was observed with BnPGIP1 and BnPGIP2, where BnPGIP1 was
highly responsive to stress inﬂicted by ﬂea beetle feeding and
mechanical wounding but BnPGIP2 was only responsive to me-
chanical wounding [32]. Since our sugar beet BvPGIP originated
from roots fed by the sugar beet root maggot (SBRM, Tetanops
myopaeformis Roder) [35], insect induced BvPGIP gene expression
was evaluated in this study. Instead of SBRM, fall armyworm,
another important pest of sugar beet, was used because of ease of
rearing it in the laboratory thus eliminating the need to collect
SBRM from infested ﬁelds during the growing season [38]. Our
qPCR data demonstrated that all ﬁve BvPGIPswere up-regulated by
fall armyworm feeding and mechanical wounding (Fig. 5). Overall,
the level of up-regulation was signiﬁcantly higher in response to
fall armyworm thanmechanical wounding, and higher in the leaves
than in the roots. These results conﬁrmed that leaf tissues were a
better choice for analysis of BvPGIP gene function, and that BvPGIP
response to insect wounding would give a better indication of gene
upregulation. We also demonstrated a continuous induction of all
BvPGIP genes in fall armywormwounded leaves. However, this was
not observed when fall armyworm fed on roots. This could be due
to less feeding or no feeding on roots, or after certain period of time.
We also found that BvPGIP1, which was expressed at low levels in
unwounded roots, was highly wound inducible in both leaves and
roots. Unlike BvPGIP1, no distinct transcription pattern of wound
response was observed for BvPGIP2 and BvPGIP3 on F1010 and
F1016, two lines with the most divergent levels of SBRM resistance.
These ﬁndings suggest that BvPGIP1 may play a potential role in
insect defense mechanism and awaits further studies in a heter-
ologous system.
PGIP activities against fungal PGs have been well described in
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from plants that may contain a mix of highly similar PGIP isoforms
[29]. An appropriate approach to study the inhibition activity of
individual PGIP isoforms is their expression in a heterologous sys-
tem [29]. However, using bulk PGIPs is still a feasible approach to
study the variation of PGIP activities between plants of different or
same species towards the PGs of different phytopathogenic mi-
croorganisms. Our activity assay using the PGIP protein extracts
demonstrated comparable levels of inhibition against four fungal
PGs, including the ﬁrst report of inhibition on PGs of F. oxysporum f.
sp. gladioli and F. oxysporum f. sp. betae, suggesting that BvPGIP
proteins, like many other PGIPs, would have a broad range of in-
hibition on many fungal PGs. The comparative analyses of PGs from
R. solani and F. oxysporum could be used to help distinguish PGIPs
from different sugar beet lines and would also help assess the
inhibitory activity of individual PGIP proteins in a heterologous
system (Fig. 6). Future functional genomics experiments utilizing a
heterologous expression system andmore diverse set of PGs should
reveal their impact on inhibitory activity.
While PGIP expressionwas induced in response to insect feeding
[32,35], inhibition of insect PGs by PGIPs was only reported for
weevil (Coleoptera: Curculionidae) and two mirid bugs (Hetero-
ptera: Miridae) [14,16]. The generally weak inhibitory activity of
PGIPs against insect PGs could suggest that this function has been
lost during evolution [16]. In addition, a limited source of insects
that show PG activity in vitro could also limit the demonstration of
PGIP inhibitory function on insects [20]. In this study, we could not
detect PG activity in fall armyworm larvae (data not shown) as
previously reported by others [20].
In conclusion, differential expression of the ﬁve BvPGIP genes
during normal plant growth and under stress conditions revealed
active PGIPs with an additional LRR region. This refutes the notion
that 10 LRRs are essential for the inhibitory activity of PGIP [25].
Future studies that investigate the function of individual PGIPs will
provide valuable insights and a better understanding of PGIP roles
in plant stress tolerance and disease resistance.
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